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IV 
Abstract  
 
Benzylic amines are key components of biologically significant compounds and can 
be found in several top-selling prescription drugs. As such, developing facile 
syntheses for complex, biologically-important compounds is an important issue facing 
the pharmaceutical industry. While catalysis can typically design “greener” reactions, 
current catalytic syntheses of benzylic amines utilize hazardous or waste-intensive 
reagents and often fail to synthesize useful products in one step. Our studies sought 
to develop Cu-catalyzed systems for benzylic aminations through the use of novel 
amination reagents. Cu precursors, ligands, and additives have been surveyed to 
establish efficient reactions that generate benzylic C-N bonds directly from benzylic 
C-H bonds in a one pot, single step synthesis. 
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6 
1 Introduction 
1.1 Motivation 
The carbon-nitrogen bond is a fundamentally important bond in organic chemistry 
and biochemistry. In particular, aromatic and benzylic C-N bonds are significant 
functional groups in a variety of pharmaceuticals and biologically active compounds.1 
Direct carbon-hydrogen (C-H) bond aminations provide an atom-economical way to 
introduce nitrogen into organic molecules through the direct conversion of C-H bonds 
into carbon-nitrogen (C-N) bonds.2 This project focuses on establishing benzylic C-N 
bonds, which are particularly important due to their roles in pharmaceuticals and 
other biologically active compounds (Figure 1). 3 
 
 
Figure 1. Top-selling pharmaceuticals in 2008 and 2011 containing benzylic C-N bonds. 
 
In addition, sulfonamides of the general structure 1 have been shown to act as 
antimycobacterial agents,4 while benzylic sulfonamides of 2 are inhibitors of NDM-1, 
a bacterial gene causing antibiotic resistance (Figure 2).5  
 
 
Figure 2. Biologically active sulfonamides. 
 
1 Introduction 
___________________________________________________________________ 
 
 
 
 
7 
1, 2, and Plavix are just a few examples of the plethora of bioactive motives with 
benzylic amine functionalities. As such, the continued development of more direct 
synthetic pathways for these compounds could make great contributions to the 
development of pharmaceuticals and other bioactive substances.  
1.2 Classical approaches to the synthesis of benzylic amines 
A great amount of literature is present for the general conversion of substrates to 
amines. Classically, aminations in allylic and benzylic positions can be achieved 
through the substitution of allyl and benzyl halides or alcohol derivatives by an amine 
(or equivalent).6 Additionally, amines can be produced through the hydrogenation of 
enamides and the reductive amination of carbonyl compounds.7 
 
A growing body of literature reports the amination of allylic and aromatic substrates 
using various catalysts. Generally, catalysts allow aminations to be performed with 
broader substrates with increased atom economy. Metal-mediated and catalytic 
amination has been explored more recently in the past decade.3, 8  Benzylic 
aminations have been achieved via catalysis with rhodium 9 , ruthenium 10 , 
manganese11, and silver.12 Copper catalysts are also increasing in use due to their 
low cost, relative availability, and proven effectiveness in benzylic aminations. 2,13 
1.3 C-H functionalization and functional group interconversion  
All above discussed aminations are performed through prefunctionalization of the 
starting material. Alternatively, C-H bond aminations can be performed with the use 
of directing groups on the substrate. Such aminations are typically performed on aryl 
substrates 13   and directed benzylic amination is not broadly reported. Both 
approaches – prefunctionalization and the use of directing groups – frequently 
require the use of highly basic 14  or hazardous2 reagents, and bulky leaving 
groups,15,16 generating various by-products. Further transformations of the aminated 
product into useful biological components can require deprotecting the substrate 
under harsh conditions.16 The following paragraphs will provide several examples for 
benzylic C-H aminations; in each case, drawbacks of these methods will be 
discussed. 
1 Introduction 
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 Rh-catalyzed benzylic C-H aminations 
Lebel and Huard developed a rhodium-catalyzed system that allows for the 
intermolecular insertion of nitrene equivalents into C-H bonds. Such an amination 
reaction results in the direct conversion of C-H bonds to C-N bonds, a goal that our 
project also seeks to achieve. Significantly, the procedure allows for an 
intermolecular nitrene insertion without significant decomposition of the nitrene 
species. Benzylamines were synthesized using aromatic alkenes in the presence of 
2,2,2-trichloroethyl-N-tosyloxycarbamate (3) and the rhodium catalyst Rh2(TPA)4 
(Figure 3), as shown in Scheme 1.17 
 
Scheme 1. Benzylic amination of toluene using TrocNH-OTs (1.0 eq.). 
 
Better yields (up to 87%) were achieved in these reactions by using higher substrate 
loadings. One of the largest drawbacks of this reaction is the utilization of expensive 
Rh catalysts. Additionally, the Troc protecting group is not a biologically significant 
functional group. Thus, further modification of the product through deprotection would 
need to be undertaken in order to achieve a final bioactive product. This process 
would drastically decrease the atom economy of the reaction. 
 
Figure 3. Chiral rhodium complexes used in benzylic amination of toluene. 
1 Introduction 
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 Cu-catalyzed C-H aminations  
Beyond the above Rh catalyzed example, several literature precedents report Cu-
catalyzed benzylic aminations.2, 6, 18-21 The conditions of these reactions will be 
discussed below.  
 
Cu catalyzed C-H amination with electrophilic peroxo reagents 
Kohmura and coworkers performed a benzylic amination of indan (4.0 eq.) in the 
presence of Cu(I) triflate using t-butyl N-(p-toluenesulfonyl)peroxycarbamate (4) in 
dichloromethane, as shown in Scheme 2 below. This type of reaction proceeded in 
moderate yields. However, the formation of significant amounts of by-product, 
particularly p-toluenesulfonamide, was observed.6 
 
 
Scheme 2. Amination of indan (4.0 eq.) by t-BuOOCONHTs (0.1 eq.). 
 
Significantly, this reaction was performed at room temperature. However, it was also 
performed with relatively high levels of catalyst loading (10 mol %), under N2 and in 
the presence of oxidant. 
 
Catalytic C-H amination with aromatic amines and peroxides 
Warren and coworkers performed aminations of aromatic and benzylic substrates 
through the use of [(Cl2NN)Cu]. Di-tert-butyl peroxide, tBuOOtBu, was used as an 
oxidant in these reactions, and ethyl benzene was found to be a successful 
substrate. These reactions employ substituted aniline compounds, such as 2,4,6-
trimethylaniline (5) and 2,4,6-trichloroaniline, as amine source. The protocol results in 
substrate amination of the benzylic position to yield secondary amines as shown in 
Scheme 3.2 
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Scheme 3. Amination of ethylbenzene by electron poor anilines. 
 
The following was noted to increase the yields of the desired aminated products: 
1. Low catalyst concentrations (down to 1 mol %) can be used to prevent 
bimolecular N – N coupling that generates hydrazines and diazenes. 
2. Anilines with electron poor substituents in the para position were the best N 
sources. 
3. Lower C-H bond strengths in substrates resulted in higher yields, from 18% 
with toluene up to 95% with 1,2,3,4-tetrahydronapthalene with the substrates 
screened.  
This reaction is completed in less than modest yields for simple aryl substrates with 
relatively higher C-H bond energies, results in the formation of highly explosive 
diazene byproducts, and employs explosive tBuOOtBu as oxidant. Ultimately, the 
greenness of the reaction would be increased if a pathway that avoids these 
drawbacks could be developed.2  
 
Benzylic C-H amination by chloramine-T 
Finally, Bhuyan and Nicholas perform C-H aminations of benzylic substrates using 
commercially available [Cu(CH3CN)4]PF6 as catalyst precursor and anhydrous 
chloramine-T (TsNNaCl) as amination reagent with only one equivalent of benzylic 
substrate.18 The aminated product was observed in moderate to high yields with 
good selectivity. Reaction conditions were reported as mild with reaction 
temperatures between 65 and 70°C for 24 hours. Two successful reactions are 
shown in Scheme 4. 
 
1 Introduction 
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Scheme 4. Benzylic amination of aromatic substrates by anhydrous chloramine-T. 
 
In subsequent investigations, the same group focused on ligand-assisted, copper-
catalyzed oxidative amination reactions in attempts to generate protocols for 
enantioselective benzylic C-H aminations. The studies screened a variety of 
representative ligands as well as reaction times to optimize the amination of 4-
ethylanisole (Scheme 5).19 
 
 
Scheme 5. Benzylic amination of 4-ethylanisole by chloramine-T with varying ligands. 
 
Nicholas’ study suggests that ligand-assisted catalysis vastly improves the yield of 
the catalytic reaction. The study also concluded that electron poor diimines were 
significant additives that contributed to increasing the yield of the catalytic reaction. 
The most effective ligand is shown in Figure 4 below. 
 
Figure 4. Diimine ligand utilized to achieve maximum yield of 88%.19 
1 Introduction 
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Mechanistic studies 
The Nicholas and Warren groups performed mechanistic studies on benzylic 
aminations of various substrates, as presented above Based on experimental and 
computational data, both groups independently propose that benzylic C-H amination 
proceeds through a step-wise, nonconcerted process. 20  Warren’s group found 
evidence for the stepwise radical rebound pathway through observation of the radical 
intermediate produced by the abstraction of a benzylic proton from the substrate.21 
Density functional theory (DFT) calculations indicate that the catalyst resting state for 
catalysts bearing nacnac ligands is a dimeric Cu(I) – Cu(II) precatalyst that enters the 
catalytic cycle by reduction to Cu(I).20.In the following mechanism, the metallanitrene 
(6) abstracts a proton from the hydrocarbon substrate (7) to form a benzylic radical. 
This step is then followed by a radical rebound step to generate the C-N bond 
(Scheme 6).  
 
 
Scheme 6. General mechanism proposed by Warren and Nicholas. 
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1.4 Project goal 
This project seeks to investigate copper catalyzed benzylic carbon-hydrogen (C-H) 
amination in order to establish a broadly-applicable, one-step synthesis of benzylic 
carbon-nitrogen (C-N) bonds without the need for prefunctionalization of the starting 
material.  
 Significance 
A notable difference between the process that we propose and the ones detailed 
above in the introduction to this report is the generation of waste. Ideally, we will 
develop a less waste-intensive reagent than anhydrous chloramine-T for general 
applications in C-N bond formation. With chloramine-T, further syntheses after the 
formation of the C-N bond need to proceed by removing the protecting group from 
the N-benzyl sulfonamide.18 In contrast, our reactions will utilize reagents that provide 
easily removed protecting groups or protecting groups whose introduction is 
synthetically valuable.  
 
The reactions that we propose would address many of the issues presented above. 
Developing a scalable, efficient, and facile synthesis of benzylic amines will aid in the 
long-term development of bioactive compounds presented previously. This project 
seeks to aminate simple aryl substrates in the benzylic position without the need for 
prefunctionalization of the starting material. This would increase the variety of 
substrates that could be used, while eliminating the need for hazardous deprotecting 
groups and reducing waste by eliminating the presence of leaving groups. 
 Approach 
Through the planned investigation, we seek to provide a one-step synthesis of 
benzylic amines with easily removable or biologically useful protecting groups. This 
synthesis will be optimized to reduce the need for wasteful or hazardous reagents. 
Therefore, our research has focused on developing catalytic pathways towards 
benzylic C-H amination that use readily available materials (e.g. toluene and copper 
catalysts) that are easy to handle. Optimization studies allowed us to investigate the 
influence of additives, ligands, solvents, and Cu salts on the catalytic activity of the 
reaction.  
1 Introduction 
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Electrophilic amination reagents with variable amine groups were used in these 
reactions. Such amination reagents contain protecting groups that can be easily 
removed under mild or neutral conditions. This design provides increased variability 
of the introduced amino group in these transformations, allowing for greater access to 
an array of products. Additionally, the presence of an N-O bond in the reaction serves 
as an internal oxidant. Amination reagents can be made in very few steps22 with 
commercially available reagents as shown in Scheme 7. 
 
 
Scheme 7. Design of variable amination reagents. 
 
 Knowledge at project start 
Research on the amination of benzylic C-H bonds has been previously investigated 
in the Emmert group. As such, C-H amination of toluene was achieved using 8 with a 
copper catalyst, base, and additives as shown in Scheme 8. However, the reported 
yield of 12% could not be reproduced independently, so that alternative approaches 
became necessary. 
 
 
Scheme 8. Amination of toluene with CuBr, BocNHOBoc, and additives. 
 
One reason for low yields was discovered by decomposition studies, which revealed 
that several of the amination reagents synthesized for the catalytic amination of 
1 Introduction 
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toluene – including 8 – were unstable under the reaction conditions. Additionally, 
some products (e.g. 9) were also shown to be unstable under the applied conditions. 
Furthermore, several products (10-12) were determined to be stable (Figure 5).  
  
Figure 5. Stable products determined through decomposition studies. 
 
Based on these data, a new amination reagent has been recently developed, N-
acetoxy-4-methylbenzenesulfonamide (TsNHOAc, 13), which affords the 
corresponding product N-benzyl-4-methylbenzenesulfonamide (14) in reproducible 
21% yield (Scheme 9).  
 
 
Scheme 9. Amination of toluene using CuCl2 and TsNHOAc. 
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2 Results and Discussion 
2.1 Catalytic reactions and optimizations 
 Base and acid screen 
We first sought to optimize the catalytic conditions discovered previously with the 
CuCl2 catalyst system. As NaOAc was the base used in this reaction, we performed a 
base screen of other bases that serve to increase catalytic turnover and yield. As 
shown in Figure 6, most bases decreased the overall yield of the reaction. Only 
NaH2PO4·H2O increased the yield, but only to 22%. The addition of base seems even 
less significant when compared to the yield of the reaction without any base, which is 
around 18%.  
 
 
Figure 6. Results of base screen on percent yield. 
Because none of the bases screened above improved the yield significantly over the 
yield of 18% in the absence of any basic additives, we next performed a screening of 
acidic additives with acids ranging in pKa from -0.25 to 15. Acetic acid afforded the 
highest yield of 13% as shown in Figure 7. 
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Figure 7. Results of acid screen on percent yield. 
 
Based on this result, we next performed an acetic acid screen with various loadings 
of AcOH. As indicated in Figure 7, a 50 mol % loading of acetic acid increased the 
yield of the reaction to over 25%. Due to the increased consistency in yield that we 
obtained with this loading, we continued our studies with 50 mol% acetic acid as an 
additive.  
 Ligand screen  
We next investigated the effectiveness of the ligand used in the initial optimization 
reaction – 4-aminopyridine. To probe the effectiveness of this ligand, we screened 
several mono- and bidentate N-based ligands (Figure 8 and 
 
Figure 9 below). This study shows that lower ligand loadings (5 mol % for 
monodentate ligands and 2.5 mol % for bidentate ligands) consistently afford higher 
yields. In some cases, higher ligand loadings almost completely inhibited the reaction 
(e.g. in the case of 2-aminopyridine). 
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Figure 8. Results of monodentate ligand screen on percent yield. 
 
 
 
 
 
 
 
 
Figure 9. Results of bidentate ligand screen on percent yield. 
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 Copper precursor screening 
After screening acids, bases, and ligands, no significant increase in yield was 
observed. Therefore, we decided to investigate how much the reaction was actually 
improved by additives. To accomplish this, we sought to reoptimize the reaction 
conditions by studying the effects of copper salts on the yields of the reaction. 
Previously, copper salt screenings had been performed in the presence of 4-amino 
pyridine as ligand and NaOAc as base. However, as previous results have shown 
that acids, bases, and pyridine-type ligands are mostly detrimental to the reaction 
yield, we screened copper salts in the absence of any additives. The results are 
shown below in  
 
Figure 10.  
 
  
 
 
Figure 10. Results of copper salt screen on reaction yield. 
 
This study shows that Cu(OAc)2, CuBr, and [Cu(MeCN)4]PF6 all afford yields greater 
than 26% under these conditions. While CuII salts typically produce higher yields than 
CuI salts, this is not always the case. The presence of catalyst is necessary for the 
reaction to proceed – when performed without catalyst, no product is observed. 
Based on these results, we hypothesize that electron-deficient diimine ligands similar 
to the ligands used by Nicholas and coworkers19 (rather than pyridine-type ligands) 
might increase the reaction yield further. Such electron-deficient ligands could 
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coordinate more readily to the electron-deficient copper center, increasing the lability 
of the ligands and increasing the likelihood of an open coordination site. The results 
of these investigations are discussed below.  
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 Electron-deficient ligand screen  
As the pyridine-type ligands screened previously had various effects on the reaction 
yield, we next examined the reactivity of electron-deficient diimine ligands on the 
reaction. The used ligands and the results of the screening are shown in Figure 11. It 
is clear that the catalyst precursor Cu(BF4)2 affords the highest yields regardless of 
the ligand screened. Additionally, the pentafluoro-substituted diimine ligand (18) 
gives the highest overall yield of around 28%.  
 
 
 
 
 
Figure 11. Effect of various electron-deficient ligands on reaction yield. 
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 Additives screen on newly optimized system  
We performed additional additive studies on the newly optimized catalyst system 
developed through the above screenings. The acids and bases that gave the highest 
yields in the previous catalyst system were reevaluated in this study. As shown in 
Figure 12, none of the additives increased the yields above 29%, the yield achieved 
with the Cu(BF4)2 salt and ligand 18.  
 
 
 
Figure 12. Infleunce of additives on newly optimized catalyst system. 
 
 Toluene loading screen 
Next, a toluene loading study was performed. Literature precedence illustrates that 
high substrate loadings (15-500 eq.) are often required to achieve efficient benzylic 
aminations of toluene.23 This trend was generally observed, as indicated in Figure 13 
below. The highest yield achieved was in 4 mL vials with 219 equivalents (3 mL) of 
toluene. The yield increased from 29% (catalyst, ligand 18) to 36% under these new 
conditions. At higher substrate loadings of 730 equivalents (10 mL), the reaction 
yields decreased significantly. These reactions were performed in 20 mL glass vials, 
rather than in 4 mL vials. Previously, reactions run in 20 mL vials showed decreased 
yields, which could be attributable to the poor heat transfer in the larger vials. 
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Figure 13. Toluene loading screen. 
 
2.2 Discussion  
 Mechanistic hypothesis  
A mechanism for the amination of toluene (23) with TsNHOAc (13) is presented 
below in Figure 14. First, an open coordination site must be available on the Cu(I) 
species (20). As many of the copper salts tested are Cu(II), the copper salt is likely 
reduced in situ (in analogy to the proposal by Warren20) to Cu(I). Coordination of 13 
removes an additional ligand and produces AcOH. In the next step, a metallanitrene 
that can exist as Cu(III) species 21 or as biradical Cu(II) species 22 is formed, as 
supported by Warren and Nicholas.20, 21 The metallanitrene then abstracts a benzylic 
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proton from toluene (23). The product (24) dissociates from the copper center and 
regenerates the catalyst through a radical rebound mechanism.  
 
 
Figure 14. Mechanistic hypothesis for the amination of toluene by TsNHOAc. 
 
 Mechanistic discussion of data 
Bases and acids. The utilization of bases and acids in the reaction did not greatly 
increase the observed yields. Bases are typically electron-rich molecules which could 
coordinate strongly with the copper catalyst, decreasing the availability of 
coordination sites through which the amination reagent could coordinate. In 
screening acids, no obvious correlation was noted between the pKa of the acid and 
the reaction yields. Additionally, AcOH promoted the reaction slightly. As described in 
the mechanism above, AcOH is generated in situ through the deprotection of the 
amination reagent. If the AcOH were in equilibrium, we would expect to observe an 
inhibitory effect of AcOH on reaction yields. Because this is not observed, we can 
hypothesize that the reaction between the copper catalyst and the amination reagent 
is irreversible.  
 
Pyridine-type ligands.  The pyridine-type ligands screened generally decrease the 
yield of the reaction. Additionally, higher loading of these ligands further decreases 
the yields due to the strong coordinating availability of pyridine and phenanthroline 
ligands. This coordination could block the open coordination site in 20 and prevent 
coordination of the amination reagent to the catalyst, effectively shutting down the 
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reaction. Higher concentration of the ligand would increase the coordination of the 
ligand to the open site on the catalyst, explaining the trend of decreasing reactivity 
with increasing ligand concentration.  
 
Copper catalyst precursors. After acidic and basic additives failed to increase 
reaction yields, copper salts were screened without any additives (ligand, acid, or 
base). Higher yields were observed, likely due to the increased availability of the 
open coordination site on the copper catalyst. The ability of anions to coordinate to 
the copper center in the precursors screened has an impact on the availability of an 
open coordination site on the metal center. In general, less electronegative anions 
(e.g. Cl) coordinate less strongly to the copper center and are more easily displaced 
in the reaction to allow coordination of the ligand. Other weakly coordinating anions 
and hydrates or neutral ligands – like the Cu(BF4)2 hydrate or [Cu(MeCN)4]PF6 
precursor – also gave higher yields due to their lability and generation of a free 
coordination site, as demonstrated in the mechanism above.  
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3 Future Directions 
Ligands with electron-withdrawing groups will continue to be investigated in 
combination with electron-poor copper salts. Additionally, simple aryl and heteroaryl 
substrates could be tested to investigate the effectiveness of an optimized copper 
catalyst system on different types of substrates as shown in Figure 15. Investigation 
fo these substrates would allow us to directly compare the selectivity and reactivity of 
our reactions to published data.2,15 Additionally, these substrates would allow us to 
investigate more functionalized starting materials and generate more functionalized 
products of biological significance.  
 
 
Figure 15. Preliminary substrate scope. 
 
Further into the future, alternate amination reagents could be synthesized. These 
types of amination reagents could be synthesized with both variable protecting 
groups and leaving groups. Changes of this nature could allow for development of 
biologically active protecting groups with labile leaving groups that would more 
readily open up the nitrogen site for reactions. These alternative amination reagents 
could generate different bioactive compounds that could be further modified to 
increase their reactivity.  
 
Investigation into the mechanism of the reaction could enhance our understanding of 
the types of reagents that are successful and why. Density functional theory (DFT) 
calculations could inform us about the intermediates formed in the reaction, which 
would yield a wealth of information about the binding and leaving of the substrate and 
amination reagent, the mechanism of generating an open coordination site, and the 
role of the ligand in the reaction.  
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4 Experimental Section 
4.1 General Procedures: Techniques, Solvents and Chemicals 
Unless otherwise indicated, all reactions were performed in air. Solvents used were 
technical grade except in the case of HPLC grade solvents for LC-MS method 
development. Toluene used in catalytic reactions was stored over preciously 
activated 4 Å molecular sieves until use. The 4 Å molecular sieves were activated in 
the oven at 120°C for a minimum of 24 hours before use. When possible, standard 
solutions of reagents were made in order to increase the accuracy of experimental 
setup. Unless otherwise noted, reagents were purchased and used without additional 
purification. 
4.2 Analytical methods 
 NMR spectroscopy 
1H NMR spectra were recorded on a Bruker BioSpin 500MHz Avance III Digital NMR 
spectrometer (1H: 500 MHz). The following abbreviations are used for the description 
of the signals for amination reagents and ligands: s: singlet, d: doublet, t: triplet, q: 
quartet, quin: quintet, hex: hextet, sept: septet, br: broad, m: multiplet. In the case of 
catalytic reactions, NMR spectra were referenced to an internal standard of 1,3-
dinitrobenzene to determine reaction yields. The shift of the standard signal in CDCl3 
was calibrated to 8.55 ppm. Details about the quantitative measurements of product 
can be found in Chapter 5.  
 GC-MS and LC-MS 
GC-MS and LC-MS methods were used to confirm the presence of product and to 
identity possible byproducts in catalytic reactions. GC-MS measurements were 
performed on a GC-MS System 5975 Series Quadrupole. LC-MS measurements 
were performed on an LC/MS System 6130 Series Quadrupole. 
 Literature search 
Literature searches were frequently used to evaluate data. Most frequently, 
computer-assisted programs such as SciFinder and the WPI Library were utilized to 
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gather information about catalytic reactions and method development. Reaxys was 
used to corroborate findings and evaluate organic synthesis routes.  
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4.3 Synthesis of amination reagents 
 Synthesis of amination reagent precursor  
N-hydroxy-4-methylbenzenesulfonamide (25) 1JWD43 22 
  Hydroxylamine hydrochloride (16.7 g, 0.240 mol, 2.00 eq.) was 
added to 24 mL of water at 0°C in a 500 mL round bottom flask. 
Potassium carbonate (33.2 g, 0.240 mol, 2.00 eq.) was dissolved 
into 36 mL of water and then added dropwise to the hydroxylamine solution at a rate 
that maintained an internal reaction temperature between 5 and 15°C. The reaction 
was stirred for an additional 15 min at 0 °C after complete addition of the potassium 
carbonate solution. Next, 120 mL THF and 30 mL MeOH were added to the reaction. 
4-toluenesulfonyl chloride (22.8 g, 0.120 mol, 1.00 eq.) was added in ~2 g portions to 
the reaction mixture while maintaining an internal reaction temperature below 15°C. 
After addition was complete, the reaction was allowed to warm to room temperature. 
Complete conversion was determined by monitoring the disappearance of sulfonyl 
chloride by TLC (1:1 EtOAc:hexane) and was typically achieved after 2 h at room 
temperature. The volatile solvents were removed in vacuum and the resulting 
aqueous suspension was extracted with diethyl ether (4 x 100 mL). The combined 
organic layers were dried over MgSO4 and filtered through celite. The filtrate was 
concentrated in vacuum to dryness to afford 13.83 g (61.6%) of 25 as a white solid. 
 
N-hydroxymethanesulfonamide (26) 1JWD33 22 
In analogy to the procedure above, hydroxylamine hydrochloride (0.82 
g, 0.012 mol, 2.0 eq.) was added to 1.2 mL of water at 0°C. A solution 
of potassium carbonate (1.6 g, 0.012 mol, 2.0 eq.) in 1.8 mL of water 
was then added dropwise to the hydroxylamine solution at a rate that 
maintained an internal reaction temperature between 5 and 15°C. The reaction was 
stirred for an additional 15 minutes at 0°C after complete addition of the potassium 
carbonate solution. Next, 6.0 mL of THF and 1.5 mL of methanol were added to the 
reaction. Methanesulfonyl chloride (0.69 g, 0.0060 mol, 1.0 eq.) was added in ~0.10 
g portions to the reaction mixture while maintaining an internal reaction temperature 
below 15°C. After complete addition, the reaction was allowed to warm to room 
temperature and was monitored by TLC (1:1 (EtOAc : hexane)) until disappearance 
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of methanesulfonyl chloride was observed (~2 hours). The volatile solvents were 
removed in vacuum and the resulting aqueous suspension was extracted with diethyl 
ether (2 x 100 mL). The combined organic layers were dried over MgSO4 and filtered 
through celite. The filtrate was concentrated in vacuum to dryness to afford 0.200 g 
(29.9%) of 26 as a white solid. 
 Acylation of precursor  
N-acetoxy-4-methylbenzenesulfonamide (13) 1JWD6224 
A solution of 25 (14.6 g, 77.9 mmol, 1.00 eq.) in 250 mL THF 
was cooled to 0 °C and triethylamine (11.9 mL, 8.68 g, 85.7 
mmol, 1.10 eq.) was added. A solution of acetyl chloride (5.6 mL, 
6.1 g, 77.9 mmol, 1.00 eq.) in 50 mL THF was then added 
dropwise. The reaction was allowed to gradually warm to room temperature in the 
cooling bath and was stirred overnight. The white solid was filtered from the reaction 
through celite and the filtrate was concentrated to dryness in vacuum. The resulting 
oil was extracted with dichloromethane (100 mL) and the organic phases were 
washed with 1 M HCl, DI H2O, and saturated NaCl solution (50 mL each). The 
solution was dried over MgSO4, filtered, and the filtrate was concentrated in vacuum. 
The resulting solid was recrystallized from ~4 mL of hot ethyl acetate, dissolved in 
dichloromethane, and the resulting solution was evaporated to dryness to afford 13 
as a white to slightly yellow solid (5.095 g; 28%). 
 
1H NMR (500 MHz, CDCl3): δ 2.05 (s, 3H), 2.46 (s, 3H), 7.36 (d, 2H), 7.85 (d, 2H). 
2014-01-29-TsNHOAc 
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4.4 Ligand synthesis 
(1E,1'E)-N,N'-((1R,2R)-cyclohexane-1,2-diyl)bis(1-
perfluorophenyl)methanimine) (18) 1JWD77 25 
To a 100 mL round bottom flask was added (1R,2R)-
cyclohexane-1,2-diamine (0.26 mL, 0.25 g, 2.2 mmol, 
1.0 eq.), pentafluorobenzaldehyde (0.86 g, 4.4 mmol, 
2.0 eq.), and 15 mL of toluene that was dried and 
stored over 4Å heat-activated molecular sieves. The 
flask was equipped with a Dean-Stark apparatus and 
reflux condenser. The reaction was refluxed for 20 h. Toluene was removed under 
vacuum. The crude product was then recrystallized (3x) from ~2 mL of hot 
cyclohexane to afford the title compound, 18, as a slightly grey solid (0.94 g, 91%). 
 
1H NMR (500 MHz, CDCl3): δ 1.50 (m, 2H), 1.85 (m, 6H), 8.29 (s, 2H). 2014-02-13-
awang-54-pentafluoro diimine ligand 
 
(1E,1'E)-N,N'-(ethane-1,2-diyl)bis(1-(4-methoxyphenyl)methanimine) (27) 
1JWD93 26 
To a 20 mL vial with a teflon cap was added 4-
methoxybenzaldehyde (0.89 mL, 7.3 mmol, 2.3 eq.) in 10 
mL ethanol at 60 °C. Ethylene diamine monohydrate (0.21 
mL, 3.2 mmol, 1.0 eq.) was then added to the solution. The 
reaction mixture was allowed to react for 1 hour. It was then 
cooled overnight. The off-white precipitate that formed was and washed with 
methanol to afford 27 as a colorless crystalline solid (380 mg; 40%). 
 
1H NMR (500 MHz, CDCl3): δ 3.83 (s, 3H, O-CH3), 3.91 (s br, 2H, N-CH2), 6.90 (d, 
2H, ring), 7.64 (d, 2H, ring), 8.21 (s, 1H, N=CH). 2014-03-25-juliawdarcy-6-
1JWD93solid 
 
  
4 Experimental Section  
___________________________________________________________________ 
 
 
 
 
32 
(1E,1'E)-N,N'-(ethane-1,2-diyl)bis(1-(4-(trifluoromethyl)phenyl)methanimine) (28) 
1JWD98 27 
A solution of ethylenediamine monohydrate (32 µL, 0.40 
mmol, 1.0 eq.) in chloroform (15 mL) was added 
dropwise to a solution of 4-
(trifluoromethyl)benzaldehyde (110 µL, 0.8 mmol, 4.0 
eq.) in the same solvent (15 mL). The reaction was 
stirred overnight at room  temperature. Chloroform was removed under vacuum and 
the solid formed was recrystallized from ~2 mL hot ethanol to give 28 as colorless 
crystals (54.8 mg, 37 %). 
 
1H NMR (500 MHz, CDCl3): δ 4.02 (s, 2H, N-CH2), 7.64 (d, 2H, ring), 7.80 (d, 2H, 
ring), 8.32 (s br, 1H, N=CH). 2014-04-13-awang-54-1JWD98 
 
(1E,1'E)-N,N'-(ethane-1,2-diyl)bis(1-(3,5-bis(trifluoromethyl)phenyl) 
methanimine) (29) 1JWD99 27 
A solution of ethylenediamine monohydrate (32 
µL, 0.40 mmol, 1.0 eq.) in chloroform (15 mL) was 
added dropwise to a solution of 2,6-
bis(trifluoromethyl)benzaldehyde (132 µL, 0.8 
mmol, 4.0 eq.) in the same solvent (15 mL). The 
reaction was stirred overnight at room temperature. Chloroform was removed under 
vacuum and the solid formed was recrystallized from ~2 mL hot ethanol to give 29 as 
colorless crystals (103 mg, 51%).  
 
1H NMR (500 MHz, CDCl3): δ 4.06 (s, 2H), 7.91 (s, 1H, CF3 – CH – CF3), 8.16 (s, 2H, 
ring), 8.39 (s br, 1H, N=CH). 2014-04-13-awang-55-1JWD99 
 
(2E,3E)-N2,N3-bis(4-methoxyphenyl)butane-2,3-diimine (30) 2JWD4 28 
 
To a solution of 4-methoxyaniline (3.08 g, 0.025 
mol, 1.4 eq.) in 7.5 mL of methanol was added 
2,3-butanedione (1.6 mL, 0.018 mol, 1.0 eq.) and 
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trimethyl orthoformate (5.0 mL). Lastly, p-toluenesulfonic acid monohydrate (ca 0.11 
g) was added. The reaction was stirred for 24 hours at room temperature. A yellow 
precipitate was formed, filtered, and washed with methanol to afford the title 
compound as a powdery yellow solid (1.39 g, 37%). 
 
1H NMR (500 MHz, CDCl3): δ 2.18 (s, 3H), 3.82 (s, 3H), 6.77 (m, 2H), 6.92 (m, 2H). 
2014-04-11-juliawdarcy-1-2JWD4 
 
(2E,3E)-N2,N3-bis(4-nitrophenyl)butane-2,3-diimine (31) 2JWD5 28 
 
To a solution of 4-nitroaniline (3.45 g, 0.025 mol, 
1.4 eq.) in 7.5 mL of methanol was added 2,3-
butanedione (1.6 mL, 0.018 mol, 1.0 eq.) and 
trimethyl orthoformate (5.0 mL). Lastly, p-
toluenesulfonic acid monohydrate (ca 0.11 g) was added. The reaction was stirred for 
24 hours at room temperature. A yellow precipitate was formed, filtered, and washed 
with methanol to afford the title compound as a light green solid (0.141 g, 3.5%).   
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4.5 Catalytic Studies 
 CuCl2 catalyzed benzylic amination of toluene – General procedure  
 
Scheme 10. General procedure. 
 
To a 4 mL scintillation vial CuCl2 (0.84 mg, 0.0063 mmol, 0.050 eq.), 13 (28.7 mg, 
0.125 mmol, 1.00 eq.), ligand (0.0063 mmol, 0.050 eq.), and other additives (e.g. 
acid, base, co-ligand) were added. Toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.), was 
added. The vial was sealed with a Teflon-sealed vial cap and heated on a hotplate 
for 48 h to 120 °C (Scheme 10). At the end of the reaction, the vial was cooled to RT 
and the toluene was removed in vacuum. Subsequently, 0.5 mL of a standard 
solution of 100 mg 1,3-dinitrobenzene in 10 mL chloroform-d1 was added as internal 
standard and solvent for NMR analysis. The solution was filtered through a plug of 
celite rinsed with CDCl3 and analyzed by 1H NMR to determine the yield, using a 
quantitative method with elongated relaxation time (15 s).  
 
 CuCl2 catalyzed benzylic amination of toluene – Addition of base  
By analogy to the general procedure for the benzylic amination of toluene presented 
above (section 4.5.1), CuCl2 (0.84 mg, 0.0063 mmol, 0.050 eq.), 13 (28.7 mg, 0.125 
mmol, 1.00 eq.), 4-aminopyridine (0.60 mg, 0.0063 mmol, 0.050 eq.) and base (0.010 
mmol, 0.10 eq.) were reacted in toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.) for 48 
hours at 120°C (Scheme 11). Workup and analysis were performed as described 
above.  
 
Scheme 11. Addition of base. 
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Table 1. Calibrated NMR yields of base screen with CuCl2 catalyst system. Conditions: CuCl2 
(0.84 mg, 0.0063 mmol, 0.05 eq.), 13 (28.7 mg, 0.125 mmol, 1.00 eq.), 4-aminopyridine (0.60 mg, 
0.0063 mmol, 0.05 eq.), base (0.010 mmol, 0.10 eq.), toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.), 
120°C. The yield is the average of two duplicate trials. The reported error is the standard 
deviation of two duplicate trials.  
Entry Base Amount (mg) Percent yield 
1JWD51A/Ba NaOAc 1.05 0.00 ± 0 
1JWD50A/Bb None 0 18.31 ± 2 
1JWD52A/B CsF 1.90 4.96 ± 4.31 
1JWD52C/D Na2HPO4 1.77 16.12 ± 0.2 
1JWD53A/B NaOPiv ∙ H2O 1.78 13.03 ± 4 
1JWD53C/D Cs2CO3 4.07 4.69 ± 0.6 
1JWD53E/F Na2CO3 1.32 10.37 ± 0.9 
1JWD53G/H NaO2CCF3 1.70 18.59 ± 7 
1JWD53I/J NaHCO3 1.05 17.52 ± 0.5 
1JWD53K/L NaH2PO4 ∙ H2O 1.73 21.29 ± 1 
1JWD5M/N KF ∙ 2H2O 1.18 6.42 ± 2 
 
  
                                            
a Background reaction without CuCl2. 
b Background reaction without added base. 
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 CuCl2 catalyzed benzylic amination of toluene – Addition of acid  
By analogy to the general procedure for the benzylic amination of toluene presented 
above (4.5.1), CuCl2 (0.84 mg, 0.0063 mmol, 0.050 eq.), 13 (28.7 mg, 0.125 mmol, 
1.00 eq.), 4-aminopyridine (0.60 mg, 0.0063 mmol, 0.050 eq.), and acid (0.01 mmol, 
0.10 eq.) were reacted in toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.) for 48 h at 120 
°C (Scheme 12). Workup and analysis were performed as described above.  
 
Scheme 12. Addition of acid. 
 
Table 2. Calibrated NMR yields of acid screen with CuCl2 catalyst system. Conditions: CuCl2 
(0.84 mg, 0.0063 mmol, 0.05 eq.), 13 (28.7 mg, 0.125 mmol, 1.00 eq.), 4-aminopyridine (0.60 mg, 
0.0063 mmol, 0.050 eq.), acid (0.010 mmol, 0.10 eq.), toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.), 
120°C. The yield is the average of two duplicate trials. The reported error is the standard 
deviation of two duplicate trials. 
Entry Acid Amount Equivalents Percent yield 
1JWD54A/B PivOH 1.28 mg 0.1 13.55 ± 0.51 
1JWD54C/D AcOH 0.73 µL 0.1 16.31 ± 0.54 
1JWD54E/F H2O 0.23 µL 0.1 16.72 
1JWD55A/B TsOH∙H2O 2.38 mg 0.1 7.05 ± 0.69 
1JWD55C/D MeOH 0.51 µL 0.1 18.17 ± 0.61 
1JWD56A/B AcOH 0.36 µL 0.05 22.35 ± 0.30 
1JWD56C/D AcOH 1.43 µL 0.2 21.44 ± 1.58 
1JWD56E/F AcOH 3.60 µL 0.5 25.48 ± 1.23 
1JWD56G/H AcOH 7.20 µL 1.0 18.29 ± 0.64 
1JWD56I/J H2O 1.13 µL 0.5 23.72 ± 5.99 
1JWD56K/L H2O 2.30 µL 1.0 19.98 ± 5.24 
1JWD57A/B PivOH 1.28 mg 0.1 9.51 ± 0.57 
1JWD57C/D AcOH 0.73 µL 0.1 10.99 ± 2.47 
1JWD57E/F H2O 0.23 µL 0.1 11.89 ± 0.04 
1JWD65A/B AcOH 0.73 µL 0.1 23.84 ± 7 
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1JWD65C/D AcOH 3.60 µL 0.5 15.44 ± 6 
1JWD65E/F PivOH 1.28 mg 0.1 20.80 ± 5 
1JWD65G/H H2O 0.23 µL 0.1 24.78 ± 3 
 
 CuCl2 catalyzed benzylic amination of toluene – Buffer system  
By analogy to the general procedure for the benzylic amination of toluene presented 
above (section 4.5.1), CuCl2 (0.84 mg, 0.0063 mmol, 0.050 eq.), 13 (28.7 mg, 0.125 
mmol, 1.00 eq.), 4-aminopyridine (0.60 mg, 0.0063 mmol, 0.050 eq.), acetic acid (3.6 
µL, 3.8 mg, 0.063 mmol, 0.050 eq.), and sodium acetate (5.1 mg, 0.063 mmol, 0.050 
eq.) were reacted in toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.) for 48 h at 120 °C 
(Scheme 13). Workup and analysis were performed as described above (0.00 ± 0% 
yield, 1JWD58A/B). 
 
Scheme 13. Buffer system. 
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 CuCl2 catalyzed benzylic amination of toluene – Ligand screen  
By analogy to the general procedure for the benzylic amination of toluene presented 
above (section 4.5.1), CuCl2 (0.84 mg, 0.0063 mmol, 0.050 eq.), 13 (28.7 mg, 0.125 
mmol, 1.00 eq.), ligand (0.0063 mmol, 0.050 eq.) and acetic acid (3.6 µL, 3.8 mg, 
0.063 mmol, 0.50 eq.) were reacted in toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.) for 
48 h at 120 °C (Scheme 14). Workup and analysis were performed as described 
above.  
 
Scheme 14. Ligand screen. 
Table 3. Calibrated NMR yields of ligand screen with CuCl2 catalyst system. Conditions: CuCl2 
(0.84 mg, 0.0063 mmol, 0.050 eq.), 13 (28.7 mg, 0.125 mmol, 1.00 eq.), ligand (0.0063 mmol, 
0.050 eq.) and acetic acid (3.6 µL, 3.8 mg, 0.063 mmol, 0.50 eq.), toluene (1.0 mL, 0.89 g, 9.1 
mmol, 73 eq.) 120°C. The yield is the average of two duplicate trials. The reported error is the 
standard deviation of two duplicate trials. 
 
Entry Ligand Amount (mg) Mol% Percent yield 
1JWD63A/B None 0 0 23.34 ± 4 
1JWD64A2/B2 None 0 0 28.43 ± 2 
1JWD61M/N None 0 0 7.59 ± 0.6 
1JWD61A/B 2-aminopyridine 0.59 5 10.00 ± 0.9 
1JWD61C/D 2-aminopyridine 1.18 10 6.13 ± 0.4 
1JWD61E/F 2-hydroxypyridine 0.59 5 9.52 
1JWD61G/H 2-hydroxypyridine 1.19 10 7.21 ± 2 
1JWD61I/J 
2,9-dimethyl-1,10-
phenanthroline 
0.65 2.5 9.83 ± 4 
1JWD61K/L 
2,9-dimethyl-1,10-
phenanthroline 
1.30 5 4.26 ± 1 
1JWD66A/B 2,2’-bipyridine 0.49 2.5 22.22 ± 0.06 
1JWD66C/D 2,2’-bipyridine 0.98 5 5.23 ± 0.5 
1JWD66E/F 1,10-phenanthroline 0.56 2.5 20.62 ± 2 
1JWD66G/H 1,10-phenanthroline 1.13 5 10.08 ± 6 
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 Cu-catalyzed benzylic amination of toluene – Copper salt screen 
By analogy to the general procedure for the benzylic amination of toluene presented 
above (section 4.5.1), copper salts (0.0063 mmol, 0.050 eq.), 13 (28.7 mg, 0.125 
mmol, 1.00 eq.) were reacted in toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.) for 48 
hours at 110°C (Scheme 15). Workup and analysis were performed as described 
above.  
 
Scheme 15. Copper salt screen at 110°C. 
 
Table 4. Calibrated NMR yields of copper salt screen with various copper catalyst systems. 
Conditions: Copper salts (0.0063 mmol, 0.050 eq.), 13 (28.7 mg, 0.125 mmol, 1.00 eq.), toluene 
(1.0 mL, 0.89 g, 9.1 mmol, 73 eq.) 110°C. The yield is the average of two duplicate trials. The 
reported error is the standard deviation of two duplicate trials. 
 
Entry Copper salt Amount (mg) Percent yield 
1JWD67A/B CuBr 0.90 26.98 ± 1 
1JWD67C/D Cu2O 0.89 16.72 ± 3 
1JWD67E/F CuCl 0.62 4.16 ± 0.2 
1JWD67G/H CuI 1.19 10.49 ± 10 
1JWD67I/J CuCN 0.56 10.56  ± 10 
1JWD67K/L Cu(OAc)2 1.14 28.62 ± 1 
1JWD67M/N [Cu(MeCN)4]PF6 2.33 25.90 ± 2 
1JWD67O/P CuCl2 0.84 20.03 ± 6 
1JWD67Q/R CuBr2 1.40 13.33 ± 4 
1JWD67S/T CuSO4 1.00 2.08 ± 0.5 
1JWD79E/F Cu(BF4)2 1.71 22.18 ± 6 
1JWD79G/H Cu(ClO4)2 ∙6H2O 2.32 2.81 ± 0.3 
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 Cu-catalyzed benzylic amination of toluene – Preliminary water 
study  
By analogy to the general procedure for the benzylic amination of toluene presented 
above (section 4.5.1), copper salts (0.0063 mmol, 0.050 eq.), and 13 (28.7 mg, 0.125 
mmol, 1.00 eq.) were reacted in toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.) for 48 
hours at 110°C. Reaction vials and stir bars were dried in the oven overnight, and 6 
beads of activated 4Å molecular sieves were added to each reaction. Workup and 
analysis were performed as described above.  
 
Scheme 16. Copper salt screen with 4Å molecular sieves. 
 
Table 5. Calibrated NMR yields of preliminary water study with various copper catalyst 
systems. Conditions: Copper salts (0.0063 mmol, 0.050 eq.), 13 (28.7 mg, 0.125 mmol, 1.00 eq.), 
toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.), 110°C. Reaction vials and stir bars were dried in the 
oven overnight, and 6 molecular sieves were added to each reaction. The yield is the average 
of two duplicate trials. The reported error is the standard deviation of two duplicate trials. 
 
Entry Copper salt Amount (mg) Percent yield 
1JWD69A/B CuBr 0.90 15.46 ± 1 
1JWD69C/D Cu(OAc)2 1.14 22.86 ± 0.02 
1JWD69E/F [Cu(MeCN)4]PF6 2.33 21.62 ± 0.6 
1JWD69G/H CuCl2 0.84 22.39 ± 5 
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 Cu-catalyzed benzylic amination of toluene – Addition of 
bromobenzene 
 
By analogy to the general procedure for the benzylic amination of toluene presented 
above (section 4.5.1), copper salts (0.0063 mmol, 0.050 eq.), 0.1 mL of 
bromobenzene, and 13 (28.7 mg, 0.125 mmol, 1.00 eq.) were reacted in toluene (1.0 
mL, 0.89 g, 9.1 mmol, 73 eq.) for 48 hours at 110°C (Scheme 17). Reaction vials and 
stir bars were dried in the oven overnight. Bromobenzene was dried overnight over 
heat-activated, 4Å molecular sieves. Workup and analysis were performed as 
described above.  
 
Scheme 17. Copper salt screen with 0.1 mL PhBr. 
 
Table 6. Calibrated NMR yields of bromobenzene study with various copper catalyst systems. 
Conditions: Copper salts (0.0063 mmol, 0.050 eq.), 13 (28.7 mg, 0.125 mmol, 1.00 eq.), toluene 
(1.0 mL, 0.89 g, 9.1 mmol, 73 eq.), 0.1 mL bromobenzene, 110°C. Reaction vials and stir bars 
were dried in the oven overnight. Toluene and bromobenzene were both dried overnight by 
molecular sieves. The yield is the average of two duplicate trials. The reported error is the 
standard deviation of two duplicate trials. 
 
Entry Copper salt Amount (mg) Percent yield 
1JWD70A/B CuBr 0.90 23.03 ± 3 
1JWD70C/D Cu(OAc)2 1.14 23.65 ± 0.1 
1JWD70E/F [Cu(MeCN)4]PF6 2.33 13.00 ± 4 
1JWD70G/H CuCl2 0.84 21.00 ± 1 
1JWD80C/D Cu(BF4)2 1.71 23.71 ± 4 
1JWD80E/F Cu(ClO4)2 ∙6H2O 2.32 3.87 ± 0.1 
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 Cu-catalyzed benzylic amination of toluene – Effect of 
bromobenzene and water 
By analogy to the general procedure for the benzylic amination of toluene presented 
above (section 4.5.1), CuCl2  (0.84 mg, 0.0063 mmol, 0.050 eq.), 0.1 mL of 
bromobenzene, and 13 (28.7 mg, 0.125 mmol, 1.00 eq.) were reacted in toluene (1.0 
mL, 0.89 g, 9.1 mmol, 73 eq.) for 48 hours at 110°C. Bromobenzene was either “wet” 
(not dried before use) or dried for 24 hours (as indicated) over heat-activated, 4Å 
moleclar sieves. Additiaonlly, 6 of these molecular sieves were added to some 
reactions to observe the effect of water and bromobenzene on the reaction. Workup 
and analysis were performed as described above. 
 
Scheme 18. Copper salt screen with 0.1 mL PhBr and 4Å molecular sieves. 
 
Table 7. Calibrated NMR yields of effect of bromobenzene and water with CuCl2 catalyst 
systems. Conditions: CuCl2  (0.84 mg, 0.0063 mmol, 0.050 eq.), 13 (28.7 mg, 0.125 mmol, 1.00 
eq.), toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.), 0.1 mL bromobenzene, 110°C. Reaction vials 
and stir bars were dried in the oven overnight, and 6 molecular sieves (4Å ) were added to each 
reaction. The yield is the average of two duplicate trials. The reported error is the standard 
deviation of two duplicate trials. 
 
Entry 
Conditions 
Percent yield 
PhBr Molecular sieves 
1JWD72A/B Wet 6 18.34 ± 5 
1JWD72C/D Dry (24 hours) None 24.17 ± 3 
1JWD72E/F Dry (24 hours) 6 16.76 ± 0.6 
1JWD72G/H Dry (1 hour) 6 13.43 ± 0.1 
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 Cu-catalyzed benzylic amination of toluene – Screening of 
electron-deficient ligands 
By analogy to the general procedure for the benzylic amination of toluene presented 
above (section 4.5.1), Cu salts  (0.0063 mmol, 0.050 eq.), ligand (0.0063 mmol, 0.05 
eq.), and 13 (28.7 mg, 0.125 mmol, 1.00 eq.) were reacted in toluene (1.0 mL, 0.89 g, 
9.1 mmol, 73 eq.) for 48 hours at 110°C (Scheme 19). Workup and analysis were 
performed as described above. 
 
Scheme 19. Electron-deficient ligands with various Cu salts. 
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Table 8. Calibrated NMR yields of Cu catalyst systems and electron-withdrawing ligands. 
Conditions: Cu salts  (0.0063 mmol, 0.050 eq.), ligand (0.0063 mmol, 0.05 eq.), and 13 (28.7 mg, 
0.125 mmol, 1.00 eq.), toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.), 110°C for 48 h. The yield is the 
average of two duplicate trials. The reported error is the standard deviation of two duplicate 
trials. 
Entry Ligand Cu salt 
Amount 
(mg) 
Percent 
yield 
1JWD74A/B 
 
CuCl2 0.84 18.08 
1JWD74C/D [Cu(MeCN)4]PF6 2.33 16.13 ± 0.2 
1JWD74E/F Cu(BF4)2 1.71 22.36 ± 0.03 
1JWD74G/H Cu(ClO4)2 ∙6H2O 2.32 17.76 ± 0.1 
1JWD83A/B 
 
CuCl2 0.84 19.52 ± 0.6 
1JWD83C/D Cu(BF4)2 ∙ 6H2O 2.16 21.62 ± 1 
1JWD83E/F Cu(ClO4)2 ∙6H2O 2.33 16.43 ± 0.8 
1JWD84A/B 
 
CuCl2 0.84 18.76 ± 3 
1JWD84C/D Cu(BF4)2 ∙ 6H2O 2.16 22.76 ± 1 
1JWD84E/F Cu(ClO4)2 ∙6H2O 2.33 16.76 ± 1 
1JWD95E/F 
 
CuCl2 0.84 16.3 ±1.3 
1JWD95C/D Cu(BF4)2 ∙ 6H2O 2.16 22.5 ± 0.5 
1JWD95A/B Cu(ClO4)2 ∙6H2O 2.33 22.4 ± 1.6 
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 Cu-catalyzed benzylic amination of toluene – Bipyridine study 
By analogy to the general procedure for the benzylic amination of toluene presented 
above (section 4.5.1), Cu salts (0.0063 mmol, 0.10 eq.), 2,2’-bipyridine (0.49 mg, 
0.0033 mmol, 0.025 eq.; 0.98 mg, 0.0063 mmol, 0.050 eq.), and 13 (28.7 mg, 0.125 
mmol, 1.00 eq.) were reacted in toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.) for 48 
hours at 110°C (Scheme 20). Workup and analysis were performed as described 
above. 
 
Scheme 20. Study of bipyridine loading on different Cu salts.  
 
Table 9. Calibrated NMR yields of Cu catalyst systems with 2,2‘-bipyridine. Conditions: Cu salts 
(0.0063 mmol, 0.10 eq.), 2,2’-bipyridine (0.49 mg, 0.0033 mmol, 0.025 eq.; 0.98 mg, 0.0063 mmol, 
0.050 eq.), 13 (28.7 mg, 0.125 mmol, 1.00 eq.), toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.), 110°C 
for 48 h. The yield is the average of two duplicate trials. The reported error is the standard 
deviation of two duplicate trials. 
 
Entry 
Bipyridine 
amount (mg) 
Cu salt Amount (mg) Percent yield 
1JWD82A/B 0.49 
CuCl2 0.84 
21.7 ± 0.03 
1JWD82C/D 0.98 9.5 ± 12 
1JWD82E/F 0.49 
Cu(BF4)2 ∙ 6H2O 2.16 
5.3 ± 3 
1JWD82G/H 0.98 0.6 ± 0.2 
1JWD82I/J 0.49 
Cu(ClO4)2 ∙6H2O 2.33 
24.4 ± 6 
1JWD82K/L 0.98 5.8 ± 2 
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 Cu-catalyzed benzylic amination of toluene – Copper salt 
loading study  
By analogy to the general procedure for the benzylic amination of toluene presented 
above (section 4.5.1), Cu salts  (0.025 mmol, 0.10 eq.), and 13 (28.7 mg, 0.125 
mmol, 1.00 eq.) were reacted in toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.) for 48 
hours at 110°C (Scheme 21). Workup and analysis were performed as described 
above. 
 
Scheme 21. Cu (10 mol%) loading study. 
 
Table 10. Calibrated NMR yields of Cu catalyst systems. Conditions: Cu salts  (0.013 mmol, 0.10 
eq.), 13 (28.7 mg, 0.125 mmol, 1.00 eq.), toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.), 110°C for 48 
h. The yield is the average of two duplicate trials. The reported error is the standard deviation 
of two duplicate trials. 
 
Entry Cu salt Amount (mg) Percent yield 
1JWD81A/B CuCl2 1.68 24.36 ± 3 
1JWD81C/D [Cu(MeCN)4]PF6 4.66 18.41 ± 3 
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 Cu-catalyzed benzylic amination of toluene – Ligand screen  
By analogy to the general procedure for the benzylic amination of toluene presented 
above (section 4.5.1), Cu(BF4)2 hexahydrate  (2.2 mg, 0.013 mmol, 0.050 eq.), and 
13 (28.7 mg, 0.125 mmol, 1.00 eq.), and ligand (2.5-10 mol%) were reacted in 
toluene (1.0 mL, 0.89 g, 9.1 mmol, 73 eq.) for 48 hours at 110°C (Scheme 22). 
Workup and analysis were performed as described above. 
 
 
 
Scheme 22. Pyridine-type ligand study.  
 
Table 11. Calibrated NMR yields. Conditions: Cu(BF4)2 hexahydrate  (2.2 mg, 0.013 mmol, 0.050 
eq.), 13 (28.7 mg, 0.125 mmol, 1.00 eq.), ligand (2.5-10 mol%), toluene (1.0 mL, 0.89 g, 9.1 mmol, 
73 eq.), 110°C for 48 h. The yield is the average of two duplicate trials. The reported error is the 
standard deviation of two duplicate trials. 
Entry Ligand Amount (mg) Mol% Percent yield 
1JWD82E/F 2,2’-bipyridine 0.49 2.5 5.3 ± 3 
1JWD82G/H 2,2’-bipyridine 0.98 5 0.6 ± 0.2 
1JWD92A/B pyridine  0.49 5 24.8 ± 0.9 
1JWD92C/D pyridine 0.98 10 19.9 ± 7.5 
1JWD92E/F 1,10-phenanthroline 0.56 2.5 28.14 
1JWD92G/H 1,10-phenanthroline 1.13 5 4.1 ± 0.3 
1JWD92I/J 4-aminopyridine 0.58 5 20.1 ± 4.1 
1JWD92K/L 4-aminopyridine 1.16 10 18.5 ± 2.4 
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 Cu-catalyzed benzylic C-H amination – Acid and base screen  
By analogy to the general procedure for the benzylic amination of toluene presented 
above (section 4.5.1), Cu(BF4)2 hexahydrate  (2.2 mg, 0.013 mmol, 0.050 eq.), 13 
(28.7 mg, 0.125 mmol, 1.00 eq.), 18 (2.9 mg, 0.0063 mmol, 0.050 eq.), and acids and 
bases (0.013 mmol, 0.10 eq.) were reacted in toluene (1.0 mL, 0.89 g, 9.125 mmol, 
73 eq.) for 48 hours at 110°C (Scheme 23). Workup and analysis were performed as 
described above. 
 
 
Scheme 23. Acidic and basic additives with optimized catalyst and ligand. 
 
Table 12. Conditions: Cu(BF4)2 hexahydrate  (2.2 mg, 0.013 mmol, 0.050 eq.), 13 (28.7 mg, 0.125 
mmol, 1.00 eq.), 18 (2.9 mg, 0.0063 mmol, 0.050 eq.), acids and bases (0.013 0.10 eq.), toluene 
(1.0 mL, 0.89 g, 9.125 mmol, 73 eq.), 110°C for 48 h. The yield is the average of two duplicate 
trials. The reported error is the standard deviation of two duplicate trials 
Entry Additive Amount (mg) Percent yield 
1JWD97A/B AcOH 0.73 (µL) 20.6 ± 1.3 
1JWD97C/D PivOH 1.28 17.5 ± 1.6 
1JWD97E/F NaOAc 1.05 22.4 ± 1.2 
1JWD97G/H NaH2PO4 1.73 21.42 
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 Cu-catalyzed benzylic C-H amination – Substrate loading 
By analogy to the general procedure for the benzylic amination of toluene presented 
above (section 4.5.1), Cu(BF4)2 hexahydrate  (2.2 mg, 0.013 mmol, 0.050 eq.), 13 
(28.7 mg, 0.125 mmol, 1.00 eq.), 18 (2.9 mg, 0.0063 mmol, 0.050 eq.) were reacted 
in toluene (0.25 – 3.0 mL) for 48 hours at 110°C (Scheme 24). When the volume of 
toluene exceeded 1.0 mL, the reaction mixture was transferred to a 20 mL vial. The 
4.0 mL vial was washed with 2 x 1.0 mL chloroform to extract the product. Then, 
workup and analysis were performed as described above. 
 
 
Scheme 24. Toluene loading study. 
 
Table 13. Calibrated NMR yields. Conditions: Cu(BF4)2 hexahydrate  (2.2 mg, 0.013 mmol, 0.050 
eq.), 13 (28.7 mg, 0.125 mmol, 1.00 eq.), 18 (2.9 mg, 0.0063 mmol, 0.050 eq.), toluene (0.25-3.0 
mL), 110°C for 48 h. The yield is the average of two duplicate trials. The reported error is the 
standard deviation of two duplicate trials. 
Entry Amount (mL) Equivalents  Percent yield 
1JWD96A/B 0.25 19 6.77 ± 0.2 
1JWD96C/D 0.50 38 14.85 ± 0.01 
2JWD1A/B 1.5 110 28.94 ± 4.6  
2JWD1C/D 2.0 146 31.59 ± 0.4 
2JWD1E/F 3.0 219 36.33 ± 0.07 
2JWD6A/B 10 730 20.49 ± 2.5 
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 Cu-catalyzed benzylic C-H amination – Addition of 
bromobenzene 
By analogy to the general procedure for the benzylic amination of toluene presented 
above (section 4.5.1), Cu(BF4)2 hexahydrate  (2.2 mg, 0.013 mmol, 0.050 eq.), 13 
(28.7 mg, 0.125 mmol, 1.00 eq.), 18 (2.9 mg, 0.0063 mmol, 0.050 eq.) were reacted 
in toluene (0.25 – 0.50 mL) and bromobenzene (0.50 – 0.75 mL) for 48 hours at 
110°C (Scheme 25). Workup and analysis were performed as described above. 
 
 
 
Scheme 25. Addition of bromobenzene with total reaction volume of 1.0 mL. 
 
Table 14. Calibrated NMR yields. Conditions: Cu(BF4)2 hexahydrate  (2.2 mg, 0.013 mmol, 0.050 
eq.), 13 (28.7 mg, 0.125 mmol, 1.00 eq.), 18 (2.9 mg, 0.0063 mmol, 0.050 eq.), toluene (0.25-0.50 
mL), bromobenzene (0.50 – 0.75 mL), 110°C for 48 h. The yield is the average of two duplicate 
trials. The reported error is the standard deviation of two duplicate trials. 
Entry Toluene (mL) PhBr (mL) Percent yield 
1JWD100A/B 0.50 0.50 18.82 ± 0.8 
1JWD100C/D 0.25 0.75 16.99 ± 1.2  
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5 Attachments 
 
 
 
A sample NMR spectrum after workup. The standard peak was used to calibrate the 
axis (8.55 ppm). The product peak was found at or around 4.10 ppm. The relative 
ratios between the integrals of the standard and product were used to calculate 
percent yield using Eq. 1.  
 
𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑦𝑖𝑒𝑙𝑑 =  
(𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑣𝑎𝑙𝑢𝑒)(5)
168.11
0.125
 ×  100 
 
 
 
Eq. 1 
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